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ABSTRACT
Galvanomagnetic e f f e c t s  in a s in g le  c r y s t a l  o f  antimony a t  
l i q u i d  he l ium temperatures were s tud ied  in magnetic  f i e l d s  up to  
18 kG. An o r i e n t a t i o n  s tudy  o f  the Shubnikov-de Haas o s c i l l a t i o n s  
was made in  o rder  to  map the Fermi sur faces o f  e le c t ro n s  and ho les .  
While the e le c t ro n s  were found to  be in  accordance w i t h  the t i l t e d  
e l l i p s o i d  model proposed by Shoenberg, the Fermi su r face  o f  the holes 
was found to  be o f  more com pl ica ted  shape. Two a l t e r n a t e  p o s s i b i l i t i e s  
f o r  the Fermi su r face  f o r  the holes were s tud ied  in  order  to  f i t  the 
exper imenta l  data. The monotonic p a r t  o f  and o computed from 
the exper im enta l  c o e f f i c i e n t s ,  and P g ^  were used t o  separate 
the bands on the bas is  o f  Sondheimer-WiIson theory .  A ra th e r  good 
f i t  was achieved w i th  the two band model y i e l d i n g  equal  number o f  
e le c t ro n s  and ho les ;  the m o b i l i t i e s  o f  the e le c t ro n s  were found to  be 
f i v e  t imes la rg e r  than t h a t  o f  the ho les .  A comparison o f  the 
ampl i tudes o f  the o s c i l l a t i o n s  in  and was made w i t h  L i f s h t t z  
and Kosev i tch  theory .  The r e s u l t s  were o f f  w i t h i n  a f a c t o r  o f  10 and 
100, r e s p e c t i v e l y .  However, the exper im enta l  ampl i tudes in o ^  were 
in  c lo s e r  approx im at ion  w i t h  Z i l ' b e r m a n 's  theory .
v i  t
CHAPTER I
INTRODUCTION
Galvanomagnetic e f f e c t s  in antimony a t  l i q u i d  he l ium temperatures 
were measured t o  o b ta in  in fo rm a t io n  on i t s  band s t r u c t u r e .  The os­
c i l l a t i o n s  in m agne to- res is tance were decomposed i n t o  de Haas-van 
Alphen type o f  o s c i l l a t i o n s ,  p e r io d ic  in  1/H. The pe r iods  o f  these 
o s c i l l a t i o n s  a t  d i f f e r e n t  o r ie n t a t i o n s  o f  the magnetic f i e l d  (H) w i t h  
respect  to  the c r y s t a 1 log rap h ic  axes g ive  the in fo rm a t io n  about the 
Fermi sur faces (FS) o f  the c a r r i e r s  in  the meta l .  The gross e f f e c t s  
upon which the o s c i l l a t i o n s  were superimposed, were a l s o  analyzed on 
the bas is  o f  Sondheimer and Wilson theo ry  o f  two-band model. The 
o s c i l l a t i o n s  in c o n d u c t i v i t i e s  were s tu d ie d  in the l i g h t  o f  L i f s h i t z  
and Kosev i tch ,  and Z i lbe rm a n 's  th e o r ie s .
In v e s t ig a t io n s  have been made to  determine the band s t r u c t u r e  o f
antimony.  These s tud ie s  inc lude  de Haas-van Alphen e f f e c t , ^  C yc lo t ro n
2 3 5Resonance, U l t r a s o n i c  A t te n u a t io n ,  Shubnikov-de Haas e f f e c t ,
Ga lvanomagnetic e f f e c t s  a t  room te m p e ra tu re s ,^ ' ^  and l i q u i d  hel ium
Shoenberg, P h i l .  Trans. Roy. Soc. A245. 1 (1952).
*1>I. R. Da ta r s  and R. N. Dexter,  Phys. Rev. 124, 75 (1961).
^W. R. Datars, Can. J. P h y s . ^ ,  1922 (1961).
Ecks te in ,  Phys. Rev. 129. 12 ( 1963)-
J. Ket te rson and Y. E cks te in ,  B u l l .  Am. Phys. Soc. Ser. I 1, 8, 
548, (1962).
6S. J. Freedman and H. J- Juretschke, Phys. Rev. 124, 1379 ( I 9 6 I ) .
7S. Epste in  and H. J. Juretschke, Phys. Rev. 129, 1148, ( I 96 3 ).
1
temperatures.
1 2The a v a i la b le  data lead t o  a th ree  e l l i p s o i d a l  model f o r  e le c t r o n s  * * 
but the re  remain d isc re pa n c ies  in the p r o p e r t i e s  o f  ho les .  The p resen t  
work was undertaken to  s tudy  the galvanomagnetic e f f e c t s  a t  l i q u i d  
he l ium temperatures in  o rde r  to  map the Fermi sur faces  o f  both e le c t ro n s  
and ho les.
A model f o r  the e l e c t r o n i c  p a r t  o f  the FS was f i r s t  e s ta b l i s h e d  
e x p e r im e n ta l l y  from the de Haas-van Alphen o s c i l l a t i o n s .  This p o r t i o n  
o f  the FS c o n s is ts  o f  th ree  e l l i p s o i d s  in momentum space whose cen te rs  
l i e  on the b in a ry  axes in  the basal (1 -2)  plane shown in the F igure  1.
Each e l l i p s o i d  is  t i l t e d  by an angle 35° out  o f  the basal p lane toward 
the t r i g o n a l  a x is .
An i n d i c a t i o n  o f  the ex is te nce  o f  holes was found by D a ta rs ,^
5 7Ke t te rson ,  and E p s te in '  bu t  the exac t  shape o f  the FS f o r  holes has 
been u n c e r ta in .  In the p resen t  work both e le c t ro n s  and holes were 
found and the data is I n te rp re te d  on the bas is  o f  the usual se t  o f  
th ree e l l i p s o i d s  f o r  the e le c t r o n s .  For the holes two a l t e r n a t i v e  
i n t e r p r e t a t i o n s  are proposed, f i r s t l y  a th ree  e l l i p s o i d a l  set  band 
and secondly a two hole band model.
Q
M. C. S tee le ,  Phys. Rev. 22* 1751 (1955)-
Fig. 1
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CHAPTER I I 
EXPERIMENTAL DETAILS
The s in g le  c r y s t a l  o f  antimony was grown by m o d i f ied  Bridgman 
9 10technique ’ under he l ium gas. The ant imony in g o t ,  from which the
c r y s t a l  was prepared was ob ta ined  from Johnson Matthey and Co.
L im i te d ,  London, w i t h  the Lab No. 20209 and Catalogue No. J.M. 660.
The spe c t ro sco p ic  exam ina t ion  o f  the ingo t  by the company d id  not
show any fe r rom agne t ic  im p u r i t i e s  which were e i t h e r  absent or  were
o u ts id e  the range o f  d e te c t io n .  The o th e r  im p u r i t i e s  repor ted  were
Ca, S i ,  and Na each one p a r t  per m i l l i o n  and Cu, Mg and Ag were less
than one p a r t  per m i l l i o n .
The s in g le  c r y s t a l  ob ta ined was c leaved in  the basal plane {F igure  2)
a t  room temperature and was cu t  w i t h  a spark  c u t t e r ^  under kerosene
o i l .  The f i n a l  s ize  o f  the c r y s t a l  was 10 x 2 x 2mm. The b in a ry
a x is  was p a r a l l e l  to  the leng th  o f  the c r y s t a l .  The back r e f l e c t i o n
o f  Laue photographs showed no s igns o f  s t r a i n  in the c r y s t a l .  The
c r y s t a l l o g r a p h i c  axes w i t h  respect  to  the specimen dimensions are
shown in  the Figure 2. The r a t i o  ^ 0 0 ° K ^ ^ 4  2°K WaS ^<:>unc, to  720-
12The specimen was mounted on a l u c i t e  h o ld e r ,  d i r e c t l y  in 
co n tac t  w i t h  l i q u i d  he l ium. This arrangement a l s o  ensures the iso therm a l
^P. W. Bridgmen, Proc. Am. Acad. A r ts  and Set, 60, 305 , (1925)-
*°K. S. B a la in ,  D i s s e r t a t i o n ,  Louis iana S ta te  U n i v e r s i t y ,  i 960 .
^ B .  S. Chandrasekhar, Rev. Sc. I n s t .  %2, 368 , (1961).
12S. A. A l i ,  D i s s e r t a t i o n ,  Louis iana S ta te  U n iv e r s i t y ,  1958*
k
* - ( 2)
Fig. 2
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6c o n d i t io n s  under which t h i s  experiment was done. The connect ions  f o r
c u r re n t  and p o t e n t i a l  leads were made w i t h  No. 3^ Formvar in s u la te d
13copper w i re  so ldered w i t h  (Bi-Cd) e u t e c t i c  m ix tu re .
1*+The dewar f l a s k  f o r  l i q u i d  he l ium was descr ibed  elsewhere. The 
p o t e n t i a l s  were measured w i t h  a Rubicon p o te n t io m e te r ,  the o f f  balance 
o f  which was recorded on a Brown Recorder a f t e r  a m p l i f i c a t i o n  w i t h  a 
low impedence Becker 0. C. A m p l i f i e r .  The c i r c u i t  f o r  c u r re n t
through the c r y s t a l ,  and f o r  p o t e n t i a l  measurements has a l re a d y  been
Ikdescr ibed .  The c u r re n ts  passed through the c r y s t a l  were o f  the order  
o f  500 mA in the low f i e l d  and $0 mA in  the h igh f i e l d .
The magnets used in  the present  i n v e s t i g a t i o n s  were the same as
\k  15used by Sybert  and G i l l ingham .  The e lec t rom agnet ,  f o r  the f i e l d
range o f  I 30 gauss to  18 kG was an I ro n  core Weiss magnet w i t h
8 inch d iameter po le  p ieces separated by 1 5 /8  inch a i r  gap. I t  cou ld
be ro ta te d  through 360°  about i t s  v e r t i c a l  a x i s .  The c a l i b r a t i o n  o f
the f i e l d  was made by us ing a nuc lear  resonance gauss-meter .
For the lower ranges o f  the f l e l d j ^  a p a i r  o f  he lmho l tz  c o i l s
were used which were c a l i b r a t e d  w i t h  a b a l l i s t i c  galvanometer.
^ Heta l  Reference Book ( In te r s c ie n c e  P ub l is h e rs ,  Inc. N. Y. 2nd 
e d i t i o n )  Vol .  I I ,  pp. 959*
Ik J. R. Syber t ,  D i s s e r t a t i o n ,  Lou is iana S ta te  U n i v e r s i t y ,  1961.
^ R .  J. G i l l ingham ,  S. J . ,  D i s s e r t a t i o n ,  Louis iana S ta te  U n iv e r s i t y ,
1963.
CHAPTER t I  I
THEORY AND EXPERIMENTAL RESULTS
1. A na lys is  o f  the Shubnikov-de Haas O s c i l l a t i o n s
Antimony is  a sem i-meta l .  I t  is  b e l ie ve d  th a t  the f i r s t  f i v e  
B r i l l o u i n  zones are a lmost  f i l l e d  w i t h  some e le c t r o n s  o v e r la p p in g  i n t o  
the s i x t h  zone, namely the conduc t ion  band and an equal  number o f  holes 
are c rea ted  in  the f i f t h  band known as valence band. There is  e x p e r i ­
mental ev idence th a t  the number o f  c a r r i e r s  is  o f  the o rder  o f
-  n
10 J e le c t ro n s  per atom. For such a lew c a r r i e r  d e n s i t y ,  an e l l i p s o i d a l  
Fermi su r face  may be a n t i c i p a t e d .  T h e o re t i c a l  work on the band s t r u c t u r e  
o f  s e m i - m e t a l s ^  showed t h a t  the Fermi su r face  should be n e a r ly  e l l i p s o i d a l .
There have o n ly  been a few exper im en ta l  s tud ies  made on antimony 
t o  s tudy  i t s  band s t r u c t u r e .  Shoenberg* in v e s t ig a te d  the; de Haas- 
van Alphen e f f e c t  in antimony a t  low temperatures and I n t e r p r e te d  h is  
data on the bas is  o f  a t h r e e - e l l i p s o i d  s e t ,  which have now been assoc ia ted  
w i t h  an e le c t r o n  band.
Each e l l i p s o i d  hns a p r i n c i p a l  a x is  a long the b in a ry  on which 
i t  is  cen tered w i t h  two o th e r  p r i n c i p a l  axes making an angle  o f  
35° w i t h  the basal plane toward t r i g o n a l  d i r e c t i o n .  The 
set  is  completed by two o th e r  e l l i p s o i d s  ob ta ined  from the former by 
the th ree  symmetry. This  se t  o f  e l l i p s o i d s  is  recognized as being 
e le c t r o n s .
l6 M. H. Cohen, Phys. Rev. 121. 387 (1961).
7
8There e x i s t s  a ls o  a hole band (or bands) which f o r  a l l  i n d ic a t io n s  
cou ld  be i n te r p r e te d  w i th  an analogous set  o f  e l l i p s o i d s .
The t i l t e d  e l l i p s o i d s  o f  the Fermi sur face  (FS) o f  the c a r r i e r s  
in momentum (p) space is  g iven by* i t s  equat ion  us ing the cen te r  o f  
the e l l i p s o i d  as the o r i g i n  o f  the coo rd ina te  system,
11K1 o 3o ( 1)~33r 3 23k2k3
where the s u b s c r ip ts  1, 2 , 3 r e fe r  to  b in a ry ,  b i s e c t r i x  and t r i g o n a l
d i r e c t i o n s  r e s p e c t i v e ly .  is  the chemical p o t e n t i a l  o f  the c a r r i e r s ,
m is the mass o f  the f ree  e le c t r o n  and a ' s  are the dimensionless o
A J
constan ts  re la te d  to  the inverse mass tensor a  - m where the 
c o e f f i c i e n t s  are
—
a i l 0 0
a  = 0 °2 2 23 (2 )
0 a 23 a 33
where m's are w r i t t e n  in uni ts o f  m . o The o the r  two e l l i p s o i d s  are
obta ined by r o t a t i n g  Eq. ( 1) through + 120° about the Z a x is .
The a ' s  can e a s i l y  be re la te d  to  the per iods o f  the de Haas-van 
Alphen type o f  o s c i l l a t i o n s  in 1/H by c u t t i n g  the e l l i p s o i d  in  Eq. (1) 
w i t h  the plane p e rpend icu la r  to  the magnetic f i e l d  H. Then the
extremum area o f  c ro s s -s e c t io n  o f  the Fermi sur face  is  g iven by
eh
cS (3)m
where P is  the cor respond ing pe r iod  o f  the Shubnikov-de Haas o s c i l l a t i o n s  
in  1/H. e, c, and h are charge o f  an e le c t r o n ,  and the v e l o c i t y  o f
9l i g h t  and the P lank 's  c on s ta n t .  Expressing the p lane in  s p h e r ic a l  
p o la r  c o o rd in a te s  and us ing  the Equation (3 ) we get f o r  the pe r iods
and 6 is  the angle between the magnetic  f i e l d  and the t r i g o n a l  a x i s ,  
and \|f is  the az im u tha l  angle*
The two o th e r  e l l i p s o i d s  g iv e  r i s e  t o  pe r io d s  whose express ions 
are s i m i l a r  t o  Eq. (4) in  which \|f Is rep laced by + ± 120°. Experiments 
were performed w i t h  the f i e l d  o r i e n t a t i o n  a p p l ie d  in  th ree  d i f f e r e n t  
c r y s ta lo g r a p h ic  p lanes,  as the c r y s t a l  was p laced in the c r y o s t a t  in  
the f o l l o w in g  p o s i t i o n s :
( i )  With the b in a ry  v e r t i c a l  so th a t  H is  in  the (2~3) p lane.  
Equation (4) becomes f o r
P2 = [A  cos20 + B(sin^i|r + c cos2i jf)sl  n20 -  2D s in  0 cos 0 s i n  {k )
where
(5)
\|r = 90° ,  P2 = A cos20 + B s i n 2© -  2D s in  0 cos 02,
(6 )
■* j^C s i n20 + D s i n 0 cos 0
10
where P j ,  P^, are the pe r iods  cor respond ing  t o  the th ree  e l l i p s o i d s .
( i i )  With  the b i s e c t r i x  v e r t i c a l  and the f i e l d  in (1 -3 )  p lane. 
Equation (4) becomes f o r
2 2  2 i|r = 0 , Qj = A cos 0 + c s in  0
i|f = 120° , = A cos 0 + s i n 20 + 3 s in  0 cos 0 (T)
= -120° ,  Q| = A cosc0 + s i n20 -  3 s in  0 cos 0
where Q. ,^ and are the pe" iods  of  the th ree  e l l i p s o i d s  under 
condi t i o n  ( i  i ) .
( i i i )  With the t r i g o n a l  ax is  v e r t i c a l ,  and the f i e l d  in (1 -2)
p lane
2 . 2  2 Rj = B s i n  ijr + c cos i|r
R2 = B s i n 2 (y + 120) + c cos2 (4r + 120) (8 )
R2 = B s i n2 {\|r - 120) + c cos2 Ur -  12u)
where the per iods  here are  denoted by R^, R^, and R^.
The above n ine equat ions  f o r  the per iods  which are re la te d  t o  the 
areas o f  c ro s s -s e c t io n s  o f  the (FS) in th ree  d i f f e r e n t  p o s i t i o n s  o f  
the c r y s t a l  can be used f o r  the e le c t ro n s  and the holes as w e l l ,  w i t h  
the two sets  o f  0£*s (or  m 's ) ,  one f o r  the former and one f o r  the l a t t e r .  
The components o f  the mass tensor f o r  the c a r r i e r s  (m^mgrn^m^) are 
ob ta ined i f  £Q' S are known. The number o f  c a r r i e r s  in each e l l i p s o i d  
can be d i r e c t l y  ob ta ined from the exper im enta l  d e te rm in a t io n  o f  A, B,
C and D as
1 2*  3 /2  - 1 A
N -  ’ ( fg )  * [ c (AB-D ) )  (9)
3*
11
To f i n d  the temperature dependence o f  the am pl i tudes  (a, f o r
e le c t ro n s  and b, f o r  ho les )  o f  the o s c i l l a t i o n s  in  magneto re s is ta n c e
is s tu d ie d  a t  6 = 101*3° and « = 0°. At 0 = 101*3° two types o f
c a r r i e r s  were observed w i t h  two d i f f e r e n t  chemica l  p o t e n t i a l s  whereas
a t  0 = 0°  on ly  one pe r iod  o f  o s c i l l a t i o n  was observed (see Figures
3 and 7a ) . For a p a r t i c u l a r  c a r r i e r  the p l o t  o f  In (—) a g a in s t  T
6 I
shows a l i n e a r  r e l a t i o n s h i p  in the f i r s t  app rox im a t ion  (F igu re  7b).
In f a c t  the re  was a s l i g h t  d e v ia t i o n  from the s t r a i g h t  l i n e .  I t  can
be shown th a t  t h i s  case a r is e s  when — > 1 where "K = 2n^kT ' ~tt : ■ ~T — efiH H
where k is  the Boltzmann con s ta n t  and m* is  the e f f e c t i v e  mass and T is
the temperature.  The d e v ia t i o n  from the s t r a i g h t  l i n e  can be shown to
be p r o p o r t i o n a l  t o  e \  A f t e r  t h i s  c o r r e c t i o n  w i t h  i t e r a t i v e  procedure
the double e f f e c t i v e  Bohr magnetons and are computed from the
r e l a t i  ons
p* = 2 sf*<
p  H S
Co P
( 10)
where s is  the s lope in  F igure  7b* cou ld  a l s o  be es t im ated  from
the exp ress ion
= ( l l )
The values o f  f o r  holes and e le c t ro n s  are g iven in  Table X.
The va lues o f  A, B, C, and 0. were d i r e c t l y  computed from the 
p e r iods  Eq. (6 ) ,  (7) and (8 ) ,  and by us ing the g ra p h ic a l  method. There 
was u n c e r ta in t y  in  d i r e c t  computa t ion o f  C f o r  e le c t r o n s  and A f o r  
ho les.  The pe r io d  f o r  the holes a t  0 -  0, case ( i )  and F igure 3 and the
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per iods  f o r  the e le c t ro n s  a t  0 -  "9 0 °  In case ( U ) # F igure 4 and a t  
\Jf ■ 0 °  In case ( M l ) ,  F igure 5* are too  Small  t o  observe o r  too
com pl ica ted  due t o  beats and (o r )  harmonics superimposed on the main
o s c i l l a t i o n s  which cou ld  not  be decomposed. To o b ta in  the va lue o f
C f o r  e le c t ro n s  use has been made o f  the r e l a t i o n
R2 = (B -  C) cos2 \|r + C (12)
2 2 which g ives a s t r a i g h t  l i n e  i f  R is  p l o t t e d  a g a in s t  cos \|r, F igure  6 .
The e x t r a p o la te d  va lue o f  C, a t  \jr = 0 is  g iven in  the Table IX. The
-  j i |  _ p
va lue o f  A f o r  ho les is  taken t o  be 9 x 10 (gauss ) (see Figure k )
which seems to  be a good ap prox im a t ion .  The e x t r a p o la te d  va lue o f  C
2i s  in good agreement w i t h  the va lue computed from the c y c lo t r o n  
mass tn the b i s e c t r i x  d i r e c t i o n ,  from the equat ion
P = “  • —  * — —  f U )r  c E m m* o o
where m* is  in u n i t s  o f  m .o
2. E lec t rons
The se t  o f  pe r iods  P j ,  Pg, P ; Qj, Qg, and R j ,  Rg, R^ shown in  
Figures 3* ^  a°d 5 a r ® c h a r a c t e r i s t i c  o f  the th ree  e l l i p s o i d  se t  d i s ­
cussed p r e v io u s ly .  The e l e c t r o n i c  c h a ra c te r  o f  t h i s  band has a l re a d y  
1 2 1* 7been c la im e d  * * * '  and f u r t h e r  ev idence o f  i t  is  d iscussed in  the 
next cha p te r .  A n a lys is  ( i . e . ,  d e te rm in a t io n  o f  A, B, C, and 0) were 
a t tempted (a) by separa te le a s t  squares f i t t i n g ,  (b) by s imultaneous 
le a s t  squares f i t t i n g  w i t h  d i f f e r e n t  we igh ts  g iven  to  the exper im enta l  
va lues .  A ls o  d i r e c t  c o n s id e r a t io n  o f  the pe r iods  leads to  a good 
ap p rox im a t ion  f o r  the d e te rm in a t io n  o f  parameters o f  the e l l i p s o i d s .
19
Thus P^ has a minimum value P j (3 6 ° )  and a maximum a t  P j ( - 5 ^ ° )  and 
toge the r  w i t h  the e x t r a p o la te d  minimum Q.j ( - 90° )  leads t o  the angle  o f  
t i l t ,  the d i r e c t  de te rm in a t io n  o f  the p r i n c i p a l  axes o f  the e l l i p s o i d s  
and i t s  p o p u la t io n .  The le a s t  squares f i t  a l low s  s l i g h t l y  b e t t e r  
approx im at ion  f o r  those values as fo l lo w s :
a n  -  17-9
a = 6 .5
22
a 33 °  12' °
a 23 7* 3
19 7n = 2 .6 6  x 10 e le c t ro n s /c m J
m* = . 0 9 3
2
The a ' s ,  Table X I ,  agree w e l l  w i t h  the c a lc u la te d  values o f  Datars
4
values and s l i g h t l y  d i f f e r e n t  from Ecks te in  and computed values from 
Shoenberg's^ data.  The c y c lo t r o n  masses computed from the Eq. (13) 
are given in the Table X I I  which are in  good agreement w i t h  the va lues 
ob ta ined by o the rs .
The number o f  e le c t ro n s  per u n i t  volume, n and £ , Table X I ,
7
are in accordance w i t h i n  the exper im enta l  e r r o r ,  w i t h  E q s te in 's  
and s l i g h t l y  d i f f e r e n t  from Schoenberg's^ va lues .  Th is  d i f f e r e n c e  
can be understood in  v iew o f  the u n c e r t a in t y  o f  the exac t  va lue o f  
C; in  the p resen t  exper iment,  i t  is  es t im a ted  from the e x t r a p o la t i o n  
of  Q (-90°) .
3 . Holes
The r e l a t i v e l y  good f i t  found f o r  a th ree  e l l i p s o i d  se t  f o r  holes 
seems to  i n d ic a te  th a t  i f  the idea o f  two ho le bands suggested by 
Datars3 r e s u l t s  should be inc luded w i th o u t  a d d i t i o n a l  bands, then t h i s  
should be a t t a in e d  by a minor de fo rm at ion  o f  the th ree  e l l i p s o i d s .  The
20
r e s u l t  o f  the two holes band should be ve ry  s i m i l a r  t o  the th ree
e l l i p s o i d  se t .  For example a s t a r - l i k e  shaped band formed by p o in ts
o f  the th ree  e l l i p s o i d s  and two t r i a n g l e s - 1ike bands, Figures 8a and
8b, which would be generated i f  the th ree  e l l i p s o i d s  cou ld  be centered
a t  the cen te r  o f  the zone. There w i l l  be a r e l a t i o n  between the d i f f e r e n t
c y c lo t r o n  masses m* . , and m* around t r i a n g u l a r  or s t a r - l i k et r i a n g l e  s t a r  3
p a t te r n  r e s p e c t i v e l y  and the j  j i pse t *'ie 9e n e r a t ' n9 e l l i p s o i d s .
The computed values are as fo l lo w s :
m*. . .  - 0 . 4 8e 11ipse
nr-'- . - 0.24t r i a n g l e
m* -  O.96s ta r
which do not seem to agree w i t h  0.11 and . 3 2  va lues o f  Datars. i t  
should be noted th a t  the values .11 and . 30  f o r  c y c lo t r o n  masses f o r  
holes have been found in  the presen t  s tudy  when the f i e l d  was along 
the b in a ry  d i r e c t i o n  (see Figure 4 and Table XIV)  which corresponds
_ 7 .1  -  7 _ 1
to  the per iods  12.9 x 10 (gauss ) and 4 .7  x 10 (gauss ) .
21
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50NDHEIMER-WILSON THEORY
The knowledge o f  e x p e r im e n ta l l y  c a lc u la te d  values o f  the r e s i s t i v i t y  
ten so r ,  namely and Pgj* in the presen t  i n v e s t i g a t i o n s ,  a l low s  the 
c o n d u c t i v i t i e s  t o  be computed as
°n = pii/(cn + p2i>
2 2 (1U)
°1 2  = p21/ ^ °11 + e21 *
where and are magnetoconducti  v! t y  and H a l l  c o n d u c t i v i t y
re sp ec t i  v e ly .
The monotonic p a r t  o f  both and a ^  were analyzed in  terms o f
17a m o d i f ie d  Sondheimer-WiIson Theory (SW). The express ions ob ta ined
assume a quase-continuum o f  s ta te s  in  " p a r a b o l i c "  bands w i t h  the sharp
Fermi d i s t r i b u t i o n  fu n c t io n s  and i s o t r o p i c  r e la x a t i o n  t imes t . which
J
are  assumed to  be independent o f  energy.  Under these c o n d i t io n s  
and Ojg are g iven by
o , , = ec L  a .n .H .L .
n  j  j  j j  j
and ( 15)
CT12/H = ®C j  < * )nj Lj
where the summation extends over a l l  the bands. The f a c t o r  a. is  an
J
a d ju s ta b le  parameter in t roduced  to  account f o r  n o n - c i r c u la r  o r b i t s  o f
the c a r r i e r s .  Hence a. = 1 f o r  c i r c u l a r  o r b i t s ,  n. is  the number o f
cm* J
c a r r i e r s  per u n i t  volume and H. = hence fo r th  c a l l e d  as ther  1 e-r.
J
17A. H. W i lson,  The Theory o f  Meta ls (Cambridge U n i v e r s i t y  Press, 
Cambridge, 195^)'
23
2k
s a t u r a t i o n  f i e l d  which is  in v e rs e ly  p r o p o r t i o n a l  to  and hence to  
the ze ro  f i e l d  m o b i l i t i e s  q?. The Lorentz  term is  g iven by
L. -  (H2  + H2 ) ' 1 (16 )
J J
the  s u b s c r i p t  j  i n d i c a t e s  t he  band.
HL. i s o f  the form sech ( a - a . )  where a  = In H and a .  = I n  H..
J J J J
When the f u n c t i o n s  Ha^^ and a a r e  p l o t t e d  a g a i n s t  In H, t h e r e
e x i s t  ex t r ema  a t  H = H. w i t h  the ext remum v a l u e  A . / 2  where A.  -
J J J
e c a . n . f o r  He and A.  = e c n . / H .  f o r  a . Thus one can s e p a r a t e  
J J 11 j  j  j  12  K
the bands g r a p h i c a l l y  and compute the  v a l u e s  A  ^ and H^  wh i ch  a r e  
c h a r a c t e r i s t i c  o f  t he  c a r r i e r s  in  d i f f e r e n t  bands.
p
The v a l u e s  A. and H. can a l s o  be e s t i m a t e d  i f  H e , ,  and Ha,  
j  J 11 12
- 2  12 a r e  p l o t t e d  a g a i n s t  H in  the  h i g h  f i e l d  r e g i o n  and 0 , , > “T7“ a r e  p l o t t e d11 rl
2
a g a i n s t  H i n  the  low f i e l d  r e g i o n .  These f u n c t i o n s  a r e  the  sum o f  hyper -
b o l i e  terms and t hey  can be decomposed i n t o  d i f f e r e n t  bands c o n t r i b u t i o n
18u s i n g  s t a n d a r d  g e o m e t r i c a l  and a n a l y t i c a l  p r o p e r t i e s  o f  h y p e r b o l a s .
The f a c t o r  as i n t r o d u c e d  i n  Eq. ( 1 5 )  is d e f i n e d  as f o l l o w s :
' j  = I  ^ a n / a ss  *  \ Z a 22/ a l l )
where a ' s  a r e  t he  components o f  the  i n v e r s e  mass t e n s o r ,  a^ can a l s o  
be wr i t t e n  as
aj  = 2^ r + r_ 1 )
where r is  the r a t i o  between the axes o f  the e l l i p t i c a l  o r b i t  in  the 
basal p lane.
18H. J. Mackey, D i s s e r t a t i o n ,  Louis iana S ta te  U n iv e r s i t y ,  I 963 .
25
With the approximate values o f  Aj and H ^ , from these g ra p h ic a l
methods, the le a s t  squares technique is used to  compute the parameters
A. and H. more a c c u ra te l y  by s o lv in g  the s imultaneous equa t ion  f o r  
J J
18Hcfjj and s e p a ra te ly  us ing an i t e r a t i v e  procedure. The best f i t
f o r  the  p e a k i n g  f u n c t i o n s  and was found by u s i n g  two bands,
and gave a mean e r r o r  o f  l ess  t han  5 pe r  c e n t .  A t t e m p t s  t o  use
more t han  two bands f o r  the  c ur ve  f i t t i n g  were  u n s u c c e s s f u l  as the
2
i t e r a t i v e  p r oc ed u re  d i v e r g e d .  The p a r a me t e r s  A^ and KL f o r  d i f f e r e n t  
bands a t  d i f f e r e n t  t e m p e r a t u r e s  a r e  g i v e n  in  T a b l e s  I t h r o u g h  V I I I ;  
the c ur ve  f i t  f o r  the p e ak i n g  f u n c t i o n s  a re  shown in F i g u r es  9 t h r ough  
16. The f i t  f o r  t he  h y p e r b o l i c  f u n c t i o n s  a t  3 * 5 ° K  is shown i n  F i g u r e s  
17 t h r ough  18. Note that:  the r a t i o  o f  and Hj  i s  about  5> i . e .
e l e c t r o n s  a r e  f i v e  t i mes  more m o b i l e  than the  h o l e s .  From the  
p r e v i o u s  c h a p t e r ,  the  r a t i o  o f  the  masses in  t he  t r i g o n a l  d i r e c t i o n  
Ta b l es  X I I I  and XV f o r  t he  h o l e s  and e l e c t r o n s  a l s o  g i v e  a v a l u e  o f  
the o r d e r  o f  5*
This v e r i f i e s  th a t  the assumption about the types o f  c a r r i e r s  
in  the p rev ious  chapter  was c o r r e c t ,  i . e .  the t i l t e d  e l l i p s o i d s  
correspond to  the e le c t r o n ,  the holes correspond to  the u n t i l t e d  
e l l i p s o i d s .
There is  the p o s s i b i l i t y  then to  determine from the e le c t ro n s  
and holes mapping the va lue  o f  the c o e f f i c i e n t  a^, in  v iew o f  comparison 
w i t h  the va lue ob ta ined from the Sondheimer-WiIson curve f i t .  Some 
d isc repa nc ies  are apparent ,  t h a t  i s ,  va lues f o r  a^ and a^ ob ta ined  from
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the gross e f f e c t s  are about 2 .0  and 2 -5  r e s p e c t i v e l y  whereas from the 
o s c i l l a t o r y  e f f e c t s ,  a^ = 1.1 and a^  = 1.7. Disagreement a l s o  e x i s t s  
in the s a t u r a t io n  f i e l d s  ob ta ined from a ^  an^ HOj j .  A q u a l i t a t i v e  
e x p la n a t io n  can be given f o r  these d isc re panc ies  by assuming e i t h e r
( i )  t h a t  the r e la x a t i o n  t ime r .  is  a fu n c t io n  o f  the a p p l ie d  magnetic 
f i e l d ,  i . e .  KL = (H) or { i i ) th a t  each band cou ld  be s p l i t  i n t o
two equal sub-bands. A lso ,  the idea o f  one e le c t r o n  and two holes 
band as d iscussed in  the p rev ious  chap te r ,  is  in accordance w i t h  t h i s  
scheme ( i i ) .
A s imultaneous f i t  on Ho^^ and data w i t h  a mean e r r o r  o f  less 
than 5 percent  gave the f o l l o w in g  values.
19 ^nj - 5*05  *  10 e le c t ro n s /cm
n^ - 5 .0 5  x 10^ h o le s /c m ^
a^n^ = 8 . 1 x lO ^ /c m ^  
a^n^ - 13-2  x 10^ / c m ^
= 90 .7  gauss 
= U6 6 . 5  gauss.
With these va lues ,  a^ and a^ are found to  be 1.6 and 2 .6  r e s p e c t i v e l y .
Since the average e r r o r  in the s imultaneous f i t  o f  H o ^  and 
is  not much la rg e r  than those in the separate  HOjj and f i t ,  the 
apparent d isc repancy  in the s a t u r a t io n  f i e l d  in  t h i s  l a t t e r  case may be 
j u s t  caused by exper im enta l  e r r o r .
Should i t  be more than two bands in the same range o f  m o b i l i t y
the preceeding curve f i t t i n g  w i l l  not be ab le  to  separa te them.
CHAPTER V
OSCILLATIONS IN CONDUCTIVITIES
1. L i f s h i t z  and Kosev i tch  Theory
Some in fo rm a t io n  can be ob ta ined from a d e t a i l e d  study o f  the 
dHvA type o s c i l l a t i o n s  in  h igh  magnetic  f i e l d s .  For an unders tanding 
o f  the t r a n s p o r t  processes, one must e x p la in  the s c a t t e r i n g  mechanisms 
and t h e i r  magnetic f i e l d  dependence. Attempts  have been made to
o b ta in  a theory  o f  the Shubnikov-de Haas o s c i l l a t i o n s ,  f i r s t  by
19 20 Levinger and Gr imsal  and l a t e r  by L i f s h i t z  and Kosev i tch  who
r e la te d  the f i e l d  dependent o s c i l l a t i o n s  in the c o n d u c t i v i t y  tensor
a t o  the s u s c e p t i b i l i t y  o s c i l l a t i o n s  through the c l a s s i c a l  m o b i l i t y  
a P
ctft 21 22tensor q . Z i l 'b e rm a n  and o the rs  have a ls o  s tu d ie d  the in f lu e n c e
o f  Landau q u a n t iz a t io n s  on va r io us  ga lvanomagnet ic and thermomagnetic
e f f e c t s .  The Z i l 'b e rm a n  theory  is  d iscussed in  the next  se c t io n .
In the L i f s h i t z  and Kosev i tch  (L-K) theory ,  the o s c i l l a t o r y  p a r t
o f  the c o n d u c t i v i t y  tensor can be w r i t t e n  as
V *  l aa e  {17)
where the f i r s t  term is  due to  the f i e l d  dependent o s c i l l a t i o n s  in 
the number o f  c a r r i e r s  in v a r io u s  bands under the assumption o f  a 
cons tan t  Fermi energy £. The second term comes from o s c i l l a t i o n
19J. S. Lev inger ,  E. G* Gr imsal , Phys. Rev. 772 (1958).
20 I .  L i f s h i t z  and L* M. Kosev i tch ,  Sov ie t  Physics JETP, 6 , 67  (1958)
^ G -  E. Z i l 'b e rm a n ,  Sov ie t  Physics JETP, 2, 650 (1956)- 
22 L i s t  o f  re ferences can be found in  the rev iew a r t i c l e  by A. H.
Kahn and H. P. R. F rede r ikse  in  S o l id  S ta te  Physics e d i te d  by F. Se i tz  
and P. T u rn b u l l  (Academic Press, I n c . ,  New York, i 960 ) Vol.  9»
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in the number o f  c a r r i e r s  in d i f f e r e n t  bands by v a ry in g  £ but Z ( i ) n .
j  J
assumed cons tan t .  Then i f  q 7 is  the c l a s s i c a l  m o b i l i t y  tensor  f o rmj '
the c a r r i e r s  on the ex t rema l  area o f  c ro s s - s e c t io n  o f  the j p o c k e t  
{o r  band) p e rp e n d ic u la r  t o  H, the f i r s t  term in Eq. (17 ) is  w r i t t e n  as
°ap  -  * £ ?  " j  <‘ 8 >
t  hwhere n. is  the o s c i l l a t i o n  in  the number o f  c a r r i e r s  in  the i band.
J J
The e x p l i c i t  exp ress ion  f o r  n f o r  a pocket  o f  c a r r i e r s  w i th  an 
e l l i p s o i d a l  FS w i t h  major a x is  p a r a l l e l  to  H is
K v c K s 1 nh
exp [ i - i (2nR7 + ^  n ) ]  (19)
O W _ 1/p
where p is  the m u l t i p l i c i t y  o f  the e l l i p s o i d s  and R = (a )
Sm
where V is  the volume o f  the e l l i p s o i d .  S is  the extremal  area o fm
c ro s s - s e c t io n  o f  the e l l i p s o i d  p e rp e n d ic u la r  t o  the f i e l d  H, > is 
2n^kTm*c/e‘liH, 7 is  a parameter de f ined  such th a t  yc/ehH is the area 
o f  the lowest  Landau le v e l  and is equal  to  o n e -h a l f  f o r  f re e  e le c t ro n s  
and k is  Bol tzman's  con s tan t .  Note th a t  the pe r iod  in  1/H is  
P -  eh/cS m
The second term in Eq. (17) is
A i ar>ft = ( - ^ r * ) N°  + Zn. (2 0 )1 ap  1 °C0 1 1 ' 1 1 1 j  J
0:8where i and j  are summed over a l l  bands, q. is  the c l a s s i c a l  m o b i l i t y  
tensor o f  the band c a r r i e r s  averaged over a l l  e l l i p t i c a l  c r o s s - s e c t i o n a l  
areas p e rpe n d icu la r  to  H. Here N? denotes the number o f  s ta te s  in
k l
band i ,  where the zero  index re fe rs  to  zero  magnetic f i e l d .
The Equat ions (1?) ,  (18),  ( l y )  f o r  show t h a t  no o s c i l l a t i o n s  
should be expected a t  h igh  magnetic f i e l d  va lues where a l l  bands are
p  0 - 1
a sym p to t ic .  This is  e v id e n t  s ince the c l a s s i c a l  m o b i l i t y  ( * )  ecH(H +H.)
12 _ 12
reduces t o  qmj  = q j  = (± )ec/H f o r  H »  H j . E xp e r im e n ta l l y  the 
o s c i l l a t i o n s  are q u i t e  pronounced in  the h igh f i e l d  range as shown in  
F igs.  ly  and 20. The im p l i c a t i o n  is  th a t  in  antimony some band (or  
bands) has not reached the asym pto t ic  va lue in  the f i e l d  range used 
in  the exper iment .  I f  the r e la x a t i o n  t ime is  assumed to  be independent
o f  energy, can be wr i t t e n  as
L-K
12 = ec E EL-K
f  H__________H
1 H2 + H? H2 + H2 V J •
( 2 1 )
where the d e n s i t y  o f  s ta te s  Z = E Z. .  For the present  exper im enta l  
purposes (two bands), the above equa t ion  reduces to
12 = aL-K
Z ~ _2  n
12 Z n (22)
where o , „  is  the gross H a l l  c o n d u c t i v i t y ,  Z = Z, + Z „  and n = n, = n , 12 1 2 1 2
the number o f  c a r r i e r s ,  e i t h e r  e le c t ro n s  o r  ho les ,  per u n i t  volume. 
Using s i m i l a r  arguments we f i n d  f o r
11 = a.L-K 11 Z 
The above exp ress ions  fo r  
s i m p l i f i e d  i f  we s u b s t i t u t e
n
n (23)
H - k
and o
11
can f u r t h e r  be
L-K
1
^1 + 2^
where Z. ~ 4—
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n 3 . , PH,3 /2  . Xwhere -  -  * -  (“ ) . .n 2« 2 s m h  A cos ( it — ) and mo
P is  the p e r iod  o f  the o s c i l l a t i o n  in  1/H.
The va lues o f  a 11 and o L-K 12
2 A t , 1 , Th 
The
L-K
computed us ing the Equation (2*0
are g iven in Table XVII-
2.  Z i l ' b e r m a n  Theory
The in f lu e n c e  o f  Landau q u a n t i z a t i o n  on the e le c t r o n  s c a t t e r i n g  on 
l a t t i c e  im p e r fe c t ion s  has been s tu d ie d  by Z i l 'be rm a n  in the i s o t r o p i c  
case o f  the q u a d r a t i c  d i s t r i b u t i o n  law. The ampl i tudes o f  the
I
o s c i l l a t i o n s  in  the c o n d u c t i v i t y  tensor a . ,  due to  t h i s  theory
11 [Zi 1
is  g iven by
11
A,
= a
Zi 1 11
(T r7TTriT7 ) (p .H)
J
1 /2
(25)
thwhere  ^ is  due t o  the j  band. The above equat ions are the
r e s u l t s  o f  a m o d i f i c a t i o n  of  the Z i l 'b e rm a n  theory  by Horton 
R e w r i t in g  the Eq. (y) in  a more conven ient  form
23
11
11
=  ( 1 -
a2H2
a l Hl  + a2 H2
■ / * S I (26)
Zi 1
23 P. Horton, P r i v a te  Communication.
45
where 8 j  = 1.6, ag = 2 .6 ,  Hj = 90 . 7  gauss, = 466.5 gauss. (See 
Chapter I I I ) .
The values computed from Eq. (26) are g iven in Table XVI I .
The exper imenta l  values o f  S ' . . !  are about 25 times la rg e r
lexp
then the expected values o f  
o f  the r e la x a t io n  t ime on energy
I f  we cons ider  the dependence
L-K
° 1 L-K = "  ’ Ci + \ 2 ‘ ^  + 3 ^ 1 1 , 2  '  a H , l )
(27)
where p is  de f ined  by r  ~ and depends on the s c a t t e r i n g  mechanism, 
f o r  example p = 0 f o r  p o in t  d e fec ts ,  p = f o r  ion ized im pa r i ty  
s c a t t e r i n g  and p = -  ^  f o r  phonon s c a t t e r in g .  Eq. (24) is  then v a l i d  
f o r  p o in t  de fec t  s c a t t e r i n g .  The e f f e c t  o f  s c a t t e r i n g  o f  e le c t ro n s  
by phonons (p = - ~ )  can be d ismissed, as t h i s  process induces a 
s t rong  temperature dependence, whereas the exper iments were performed 
in the re s id u a l  temperature range.
An app rec iab le  change would be obta ined f o r  p = ^  from Eq. (27) 
which is  about tw ice the value obta ined from the Eq. (24) and ten
»V|
t imes sm a l le r  than a
I exP
As regards computed from Eq. (24) is  sm a l le r  by a
| exp 1<:|L -K
f a c t o r  o f  100. This is  a ls o  the case i f  the s c a t t e r i n g  terms are
i ncluded.
0 12
n Ci 4
= ’ n I?  ^  (28)L-K 12 n M  *2  3
These d isc repanc ies  suggest the assumption qa ^  = q used in  d e r i v in gm
Eqs. (27) and (28) should be reconsidered.  Then fo r  the two band 
model, n e g le c t in g  p
I t  may be seen th a t  the component f o r  antimony would be v a n i s h in g ly  
12 —12small  i f  = q is  assumed; whereas a s i x  percen t  d i f f e r e n c e
12between the " e x t re m a l "  e le c t r o n  H a l l  c o n d u c t i v i t y  q ^ j  and nega t ive
 \ 2
o f  the average ho le  H a l l  c o n d u c t i v i t y  ( " ^  )> y i e l d s  f o r  example
t h e o r e t i c a l  e xp e c ta t io ns  matching the a I . This change does not
12| exp
a p p re c ia b ly  a l t e r  the va lue  o f  o I o f  Eq. (2*+) un less the d i f f e r e n c e s
11 L-K
1 1 —11 'between q . and q .  are la rge .
X )  J y
In the Z i l ' b e r m a n 's  the o ry ,  the o s c i l l a t i o n s  due t o  a p a r t i c u l a r
c a r r i e r  depends upon the c h a r a c t e r i s t i c  parameters o f  t h i s  c a r r i e r
a lone.  The exper im en ta l  cr I and the expected o . . |  , from the
1 ^  exp n I Z i l
Eq. (26 ) ,  agree w e l l  w i t h i n  an order  o f  magnitude as shown in Table
XVI I .  Comparison o f  the p o s i t i o n  o f  the maxima or minima o f  the os*
c i l l a t i o n s  in  1/H o f  a , ,  I and o , „ |  show th a t  these two e f f e c t s  are
111 exp I 2 | exp
out o f  phase by 80° ± 10° in  the f i e l d  range 16.7  to  I 7 . 8  kG. This
phase d i f f e r e n c e  would be in  agreement i f  0 is  exp la ined  by
n |  exp
the Z i l ’ berman the o ry  w h i le  the H a l l  o s c i l l a t i o n s ,  a | are
exp
in t e r p r e te d  w i t h  L i f s h i t z  and Kosev i tch  theory  in  the form o f  Eq. (29).
The d isc re panc ies  between the expe r im en ta l  va lues and L i f s h i t z
and Kosevi tch  theo ry ,  Eq. (2*+) or (27) ,  cou ld  be due a ls o  to  the
beats in  a ' s  (or p ' s )  and no ise in  the exper iment .  The beats a r i s e
because o f  the non-zero angle between the t r i g o n a l  a x is  and the f i e l d
d i r e c t i o n ,  F ig .  3* A lso  i n f l u e n t i a l  is  the f a c t  th a t  the s o - c a l l e d
exper im en ta l  ampl i tudes o f  o I are much sm a l le r  than the ampl i tudes
12lexp
o f  <Jj j | and may have been g iven  we igh t  from exper im en ta l  e r r o r s  on
t*7
asthe p tog e th e r  w i t h  the t e n s o r i a l  m a n ip u la t io n .  I t  w i l l  a l s o  be 
noted th a t  i f  the re  e x i s t s  a low m o b i l i t y  band, the o s c i l l a t i o n s  in 
are expected t o  be s t r o n g l y  enhanced.
CHAPTER V | 
CONCLUSION
Some o f  the conc lus ions  which can be drawn from the exper im enta l
r e s u l t s  on the band s t r u c t u r e  o f  antimony are the f o l l o w in g :
( I )  The mapping o f  the e l e c t r o n  Fermi su r face  from the Shubnikov-
de Haas o s c i l l a t i o n s  is  In good accord,  w i t h i n  the exper im enta l  e r r o r ,
w i t h  Datars,  E cks te in ,  Eps te in  and Shoenberg. The r e s u l t s  show th a t
the e le c t r o n s  in  antimony do s a t i s f y  the t i l t e d  e l l i p s o i d  model. The
d e te rm in a t io n  o f  the ho le Fermi su r face ,  on the o the r  hand s u f f e r s
from inaccuracy  and am b igu i ty  due t o  u n c e r t a in t y  in  the pe r iods  a t
c e r t a i n  o r i e n t a t i o n s  o f  the c r y s t a l  w i t h  respect  t o  the magnetic  f i e l d .
Besides the p o s s i b i l i t y  o f  a th ree  u n t i l t e d  e l l i p s o i d  s e t ,  F ig . 8a,
one can a l s o  cons ide r  a two sub-band system in  some agreement w i t h  the
2*tr e s u l t s  o f  Datars and Nanney as sketched in  Fig . 8b> namely s ta r  
and t r i a n g u l a r - l i k e  shapes. The d isc repancy  in  the c y c lo t r o n  masses 
fo r  these pockets  t h a t  d i f f e r  a p p re c ia b ly  w i t h  o the rs  is  unexpla ined.
( i i )  Sondheimer and Wilson theo ry  has s u c c e s s fu l l y  been a p p l ied  
t o  separa te  the bands by an a n a ly s is  in  terms o f  a two band model. 
However, the re  are some.weak p o in ts  in  t h i s  method, as the values o f  
the parameters a^ computed from t h i s  theo ry  and the values ob ta ined 
from the o s c i l l a t o r y  e f f e c t s  do not agree ve ry  w e l l .  A lso  the re  is  a 
d i f f e r e n c e  in  the m o b i l i t y  parameters ob ta ined from m agne toconduc t Iv I ty  
and H a l l  c o n d u c t i v i t y .  Some q u a l i t a t i v e  e x p la n a t io n  can be found f o r  
these d is c re p a n c ie s .
^ C .  Nanney, Phys. Rev. 12 3 . 109 ( I 9 63 )*
*+8
( i i i )  The o s c i l l a t i o n s  in  c o n d u c t i v i t i e s  are la rg e r  than expected 
from a s i m p l i f i e d  f o r m u la t io n  o f  L i f s h i t z  and Kosev i tch  theory .  The
o s c i l l a t i o n s  in  the c o e f f i c i e n t ,  are *n 9oocl agreement w i th
Z i l ' b e rm a n 's  p r e d i c t i o n ,  thus making L i f s h i t z  and Kosev i tch  theory  
account f o r  t h i s  e f f e c t  is  unnecessary. However, matching o f  the os- 
c i  l l a t i o n s  in c o e f f i c i e n t s  w i t h  the L i f s h i t z  and Kosev i tch  theory  
can be a t t a in e d  by ad jus tment o f  some parameters.
( i v )  A few exper iments  cou ld  be suggested on the bas is  o f  the 
r e s u l t s  o f  the presen t  work f o r  f u r t h e r  unders tand ing o f  the band 
s t r u c t u r e  o f  antimony:  (a) D e te rm ina t ion  o f  c y c lo t r o n  mass and chemical
p o t e n t i a l  o f  each c a r r i e r  a t  d i f f e r e n t  o r i e n t a t i o n s  o f  the c r y s t a l
to  e s t a b l i s h  the exac t  shape o f  the Fermi su r face  fo r  ho les ,  (b) A n a lys is  
o f  the band s t r u c t u r e  based on Sondheimer-WiIson theory  f o r  the measure­
ments taken in  a l l  the f i e l d  ranges in the same run in  o rder  t o  have
the same exper im en ta l  c o n d i t io n s  in d i f f e r e n t  f i e l d  ranges.
(G
AU
SS
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CALIBRATION OF HELMHOTZ COILS
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APPENDIX B 
TABLES
Nota t ions  in  Tables I through VI I I  
For HOjj vs. H (Tables I - IV)
P (1) = e c a ^
P(2) =
P (3) = eca2n2 
P(M =
a vs. H (Tables V - V I I I )
P (1) = ecnj/H^
P(2) =
P (3) = ecn2/H2 
p(*0 =
S stands f o r  a
X stands fo r  H
Y stands f o r  H o ^  or  cj^ 2
Y bar stands f o r  t h e o r e t i c a l  va lue o f  Y.
Del stands f o r  Y-Y
PD stands f o r  percentage Del.
A P { | )  represents  the d i f f e r e n c e  in  P{ I ) i n two successive i t e r a t i o n s  
W(K)=1 in d ic a te s  m in im iz a t io n  o f  RMS percent  e r r o r .
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TABLE IX
The C o e f f i c i e n t s  A, B, C, D f o r  E le c t ro ns  and Holes
A B C D
E lec t rons 101.0 180 8 .4 124
Holes 9 .0 212.0 22 12-7
-14 -1A, B, C. and 0 are In u n i t s  o f  10 (gauss ).
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TABLE X
nr'-, f o r  E lec t rons  and Holes from Temperature 
Dependents Ampl i tudes in
E l e c t r o n s Holes
e
m* t  X^o
, n l 410 e rg s 11+nr* f x 10 e rg s  ^o 3
110.3 0 .082 1 9 - 7 .10  13.0
0 . 0 9 20.3 -----  -----
m* is in u n i t s  o f  m , where m is f re e  e le c t r o n  mass.o o
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TABLE XI
The Components o f  Inverse Mass Tensor, a ' s  f o r  
E lec t ro n s  and Holes
C a r r ie rs a i l a 22 a 33
a  „  
23
E lec t rons 19-1 6 . 3 : 11-3 7-8
Holes 6. o 0 .7 17-3 1.0
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TABLE XI I 
Comparison o f  a ' s ,  £ , n fo r  
E lec t rons  w i t h  Others
Reference a n a 22 a 33
a
23
14t  x 10bo
ergs
n x 10‘ 19 
per cm^
Present
Work 19. 1 6 .3 11.3 7-8 20.32 4. 15
LEckste i  n 16.7 5-98 11.61 7-54 18.6 - -
Q ata r2 20 .0* 6.05 11.9* 7.79 — —
Shoenberg * 20.0 10.0 5 .2 6 .5 18.0 3-7
£
Juretschke — — - - 20.8 4 .3
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TABLE X I I I  
C yc lo t ron  Masses f o r  E lec t rons
rv'- in  u n i t s  o f  m0 a long Components 
in  uni ts
o f  mass tensor 
o f  m0
T r ig o n a l  B inary B i s e c t r i x  m^ m2 m3 m4
Present
Work .0903 .31 .069 .052 1.09 . 64 •75
E cks te 1n . 1 — . 6*
k
.9 2 .48* . 6*
2Da ta rs .088 .31  
± .00 5
.068 .05 1.03 • 53 .6 7
Shoenberg * 11
*t—0 - - .05 1.0 •52 .65
t
Smi th — .088
^G- E. Smith, J. K. G a l t  and F. R. M e r r i t t ,  Phys. Rev. L e t t e r s ,  4 (6 ) ,  
276 , I 960 .
"tCComputed from the a u th o r ' s  data .
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TABLE XIV
Comparison o f  Qt's, £ > n f o r  
Holes w i t h  Others
a i l a 22 a 33
a
23 £ x \Ql k* o
ergs
n x 1 0 '19
3pe r cm
Present
Work 6 .0 0 .7 17-3 1.0 13-0 3.80
Datars^ - - - - - - - - —
7
J u re ts c h k e ' - - - - — - - 9 .6 U.3
Freedma - - — - - - - — 3-7
6?
TABLE XV 
C yc lo t ro n  Masses f o r  Holes
rn'f in  u n i t s  o f  mo
Components o f  mass
a long . . t ,in  u n i t s  or m0
tensor
T r i  gonal B i na ry B i s e c t r i x
Present
Work . 1+8
. 11
•303 . 098 . 15^ 1.1+7 .06 .006
3
Datars and
•32
± .0 2
. 11
+. 005
7
Ju re tschke • 3^ - - - -
Freedman
TABLE XVI
° r  V  3i ni J a2 V  H1 and H2
Computed from Tables l - VI I  I
T°K rijXlO ^9/cm3 H1gauss n2xlO_ I 9 /cm3
H2
gauss
-19 3 a^n^xlO /cm 3 1
H1
gauss a^n^xlO ^9 /cm3
H2
2 gauss
4 .2 4.7143 86.38 4.649 492.32 10.718 (2.27) 114.733 10.591 (2 . 28) 540.252
3*5 4.952 86.825 4.95 456.85 11.46 (2.31) 115.203 10.43 (2.11) 530.927
2. 1 4.7055 79*225 4.703 473*205 12.1558 (2.58) 110.48 10.532 (2.24) 512.188
1-7 4.9338 79*618 4.9313 459*443 11.272 (2.28) 101.122 12.438 (2.52) 452.508
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TABLE XVII
Amp 1 i tudes o f  0 j  ^ and a l 2
HkG a \ 1 L-K a i l  1 Zi 1 a l l exp ° l \  ^ Sus a l 2 exp ° 12 L-K
17-766 6 .4  x 10 * 56 16.57 - - 1 .  1 9 . 1 X  1 0 " 3
16.9^9 6.45 x 10_1 44.5 17- 19 — - - 5 .5  x 10” 3
15.885 6 .4  x 10 1 36 .5 26.08 - - - - 10.1 x lO* 3
14. 776 6 .3 2  x 10-1 29-0 36.76 — - - 10.9  x 10“ 3
13.620 6 . 18 x 10 * 22 .  1 24. 25 - - — 11.86  x 10-3
14.286 — - - - - 7 . 7 x 10"2 — —
U n i t s  o f  c  a r e  (mho cm
SELECTED BIBLIOGRAPHY
A l i ,  S. A . ,  D i s s e r t a t i o n ,  Lou is iana S ta te  U n i v e r s i t y ,  1958.
B a la in ,  K. S . ,  D i s s e r t a t i o n ,  Louis iana S ta te  U n i v e r s i t y ,  i 960 .
Bridgman, P. W. Proc. Am. Acad. A r ts  and Sc i . ,  60, 305 , (1925). 
Chandrasekhar, B. S.,  Rev. Sc. In s t .  ^ 2 ,  368 , ( I 9 6 I ) .
Cohen, M. H . , Phys. Rev. 121, 387 , (1961).
Datars, W. R. and R. N. Dexter ,  Phys. Rev. 12*+, 75, (1961).
Datars, W. R . , Can. J. Phys. 1922, (1961).
E cks te in ,  Y . ,  Phys. Rev. 129, 12, ( 1963)-
Eps te in ,  S.,  and H. J. Jure tschke ,  Phys. Rev. 129, ll*+8 , ( I 963 ) .
Freedman, S. J . ,  and H. J. Jure tschke ,  Phys. Rev. 12*+, 1379,(1961).  
G i l l in gh a m ,  R. J . , S .J . ,  D i s s e r t a t i o n ,  Lou is iana  State  U n iv e r s i t y ,  1963. 
Horton,  P.,  P r i v a te  Communication.
Ke t te rson ,  J . ,  and Y. E cks te in ,  B u l l .  Am. Phys. Soc. Ser. I I ,  8 ,
5*+8, (1962).
Lev inger ,  J. S.,  and E. G. Gr imsal , Phys. Rev. 9*+, 772, (1958).
L i f s h i t z ,  I . ,  and L. M. Kosev i tch ,  Sov ie t  Physics JETP, 6 , 67 , (1958).
Mackey, H. J - ,  D i s s e r t a t i o n ,  Louis iana S ta te  U n i v e r s i t y ,  1963.
Meta 1 Reference Book ( In te rs c ie n c e  P u b l ish e rs ,  Inc.  New York, 2nd 
E d i t i o n )  Vol .  I I , p. 959 .
Nanney, C., Phys. Rev. 129, 109, ( 1963).
Shoenberg, D. , P h i l .  Trans. Roy. Soc. A2*+5, 1 ,(1952) .
S tee le ,  M. C . , Phys. Rev. 99, 1751, (1955)*
Syber t ,  J- R., D i s s e r t a t i o n ,  Louis iana S ta te  U n i v e r s i t y ,  1961.
Wilson, A. H., The Theory o f  Meta ls (Cambridge U n i v e r s i t y  Press, Cambridge,
1951+)
Z i l 'b e rm a n ,  G. E.,  Sov ie t  Physics JETP, 2, 650 , (1956).
70
VITA
Nars lng G. Rao was born in  Hyderabad, Ind ia  on January k ,  193*+* 
He rece ived  h is  e lementary  educa t ion  in  Hyderabad and was graduated 
from Charderghat High School, Hyderabad, In d ia .  He rece ived  h is  
Bachelor o f  Science degree from Osmanla U n i v e r s i t y ,  Hyderabad, Ind ia  
in  1954 and h is  M as te r 's  degree in  195&. He en tered  the Graduate 
School o f  Lou is iana S ta te  U n i v e r s i t y  in  1957* He is  now a cand ida te  
f o r  the degree o f  Doctor o f  Phi losophy in the Department o f  Physics.
71
EXAMINATION AND THESIS REPORT
Candidate: Nars ing G. Rao
M ajor Field: p hys i cs
T itle  o f Thesis: Galvanomagnetic E f f e c t s  in  Antimony a t  L iq u id  Hel ium Temperatures
Approved:
Major Profei
'AJ-cCs)
airman
Dean of the Graduate School
EXAMINING COMMITTEE:
x 'V
1
L ie u
Date of Examination:
